Major histocompatibility complex (MHC) class I chain-related protein A (MICA), which is a ligand for human NKG2D, is expressed by a variety of epithelial tumor cells and promotes the activation of natural killer (NK), CD8
INTRODUCTION
Major histocompatibility complex (MHC) class I chain-related protein A (MICA), MICB, and cytomegalovirus glycoprotein UL16 binding proteins are human ligands for NKG2D, which is expressed by natural killer (NK) cells, CD8
1 ab-T cells, cd-T cells and some NKT cells. As an activating receptor, engagement of NKG2D triggers both cytotoxicity and interferon (IFN)-c secretion in human and mouse NK cells. 1, 2 Natural or engineered expression of NKG2D ligands (NKG2DLs) on tumor cells greatly enhances their sensitivity to killing by NK cells in vitro, even when the tumor cells express normal levels of MHC class I molecules. 3 However, the shedding of soluble MICA promotes downregulation of NKG2D on NK and CD8 1 T cells due to NKG2D internalization. 4, 5 The impact of solid-phase MICA protein on the expansion and function of NK cells remains unclear.
Studies on the 4-1BB signaling pathway have shown that ligation of 4-1BB promotes the survival and multiplication of CD8 1 T and NK cells. 6 IL-15 is essential for the development and function of NK cells. 7 Coculture of NK cells with K562 cells ectopically coexpressing 4-1BB ligand (4-1BBL) and membrane-bound IL-15 effectively promotes the expansion of NK cells in vitro and mediates their cytotoxicity against some leukemia cells. 8, 9 In addition, IL-15 upregulates the expression of NKG2D on NK and T cells, even in the presence of soluble NKG2DL. 10 IL-15 and NKG2D signals cross-regulate each other and work together to influence the development and function of NK cells. 11, 12 Furthermore, IL-15 augments NKG2DL-mediated antitumor responses by promoting the accumulation of NK, NK1.1 and T cells in tumors. 13 NK cells kill certain tumor and virus-infected cells directly. NK cellbased adoptive immunotherapeutic strategies are effective against certain cancers, particularly against cancer cells that express low levels of MHC class I molecules and in allogeneic hematopoietic stem cell transplants. 14, 15 Nevertheless, because NK cells represent a small fraction of peripheral blood mononuclear cells (PBMCs), generating them in a sufficient number to meet clinical requirements is challenging. 16 The proliferation, survival and function of NK cells are improved by engagement of NKG2D with solid-phase immobilized chimeric molecules that resemble NKG2DLs, such as MICA-Fc and ULBP1-Fc. 17 In this study, we investigated whether immobilized MICA (iMICA) synergizes with soluble 4-1BBL (s4-1BBL) and IL-15 to expand NK cells efficiently.
MATERIALS AND METHODS

Reagents and antibodies
Recombinant soluble MICA protein was purchased from the ABGAB Corporation (Chicago, Illinois, USA). IL-2, IL-15 and s4-1BBL were purchased from Peprotec (Rocky Hill, NJ, USA). Recombinant soluble beta 2 microglobulin (b2m) protein was produced and purified in our lab, as previously described. 18 The following antibodies were used for immunophenotypic characterization of activated and expanded cells: phycoerythrin (PE)-conjugated anti-CD3; fluorescein isothiocyanate (FITC)-, Alexa 647-and PE-Cy5-conjugated anti-CD56; PEconjugated anti-CD69; PE-conjugated anti-NKG2D; FITC-conjugated anti-CD16; PE-and FITC-conjugated anti-IFN-c; Alexa 647-conjugated anti-CD107a; allophycocyanin-conjugated anti-NKG2A; Alexa 647 antiNKp46; PE-conjugated anti-CD226; FITC-conjugated anti-CXCR3; and FITC-conjugated anti-CCR7. All antibodies were purchased from eBioscience (San Diego, CA, USA) or Biolegend (San Diego, CA, USA). Cell-surface antibody staining was evaluated using a FACSAria instrument (Becton Dickinson, San Jose, CA, USA).
Stimulation of PBMCs
PBMCs from healthy donors were isolated on a Ficoll gradient. For analysis of the expression of CD69 and NKG2D on NK cells, PBMCs Figure 1 Immobilized MICA weakly promoted fresh NK cell activation. (a) Freshly isolated PBMCs were cultured in flat-bottomed 96-well plates alone, or with iMICA (4 mg), or with ib2m (4 mg) or with IL-2 (40 ng/ml) overnight. Then cells were harvested and labeled with anti-CD3, anti-CD56 and anti-CD69 mAbs, and the expression of CD69 on NK cells was analyzed by flow cytometry. (b) PBMCs were cultured alone, or with iMICA (4 mg), or with ib2m (4 mg), or with PMA (10 ng/ml)/ionomycin (0.5 mM) overnight, then were harvested and coincubated with K562 cells at a ratio of 3 : 1 in round-bottomed 96-well plates. Fluorochrome-conjugated anti-CD107a mAb was added at the same time. After 1 h of coincubation, monensin (2 mM) was added. Three hours later, surface staining was done by incubating cells with anti-CD3 and anti-CD56 mAbs for 30 min. Lastly frequencies of CD3 2 CD56
1 CD107a 1 cells were analyzed by flow cytometry. One representative example was shown. All data from were collected, analyzed and shown in (c). (d) After sorted by flow cytometry, NK cells were stimulated with iMICA or with ib2m at different quantities for 48 h. Then culture supernatants were collected, and detected for IFN-c concentrations by an ELISA assay according to the manufacturer's instructions. (e) Fresh PBMCs were cultured with iMICA (4 mg) or with ib2m (4 mg). Low concentration of IL-2 (10 ng/ml) was added into the culture medium. On days 1, 2, 4 and 8, these cultured cells were respectively labeled with anti-CD3, anti-CD56 and anti-NKG2D mAbs. The NKG2D expression on NK cells was analyzed by flow cytometry. Data represented mean6SD for triplicate wells from a typical experiment. *P,0.05. ib2m, immobilized recombinant beta 2 microglobulin; IFN, interferon; iMICA, immobilized major histocompatibility complex class I chain-related protein A; mAb, monoclonal antibody; MICA, major histocompatibility complex class I chain-related protein A; NK, natural killer; PBMC, peripheral blood mononuclear cell; PMA, phorbol myristate acetate.
MICA synergizes with IL-15 and 4-1BBL to expand NK cells WJ Gong et al 478 were cultured overnight in empty, flat-bottomed 96-well tissue culture plates or in plates coated with 4 mg of iMICA protein, 4 mg immobilized recombinant b2m (ib2m) or 40 ng/ml IL-2 (as a positive control). To evaluate the variation of NKG2D expression within 1 week, a low concentration of IL-2 (10 ng/ml) was added to the medium. The cells were next stained with directly conjugated antibodies against CD3, CD56 and CD69 or NKG2D and analyzed by flow cytometry. For analysis, NK cells were gated on CD3 2 CD56 1 cells.
Expansion of PBMCs
PBMCs were seeded into 24-well tissue culture plates at a density of 1310 4 cells/well and cultured alone or in the presence of 4 mg iMICA; 50 ng/ml IL-15 and 50 ng/ml s4-1BBL; or iMICA, IL-15 and s4-1BBL simultaneously. Fresh media containing soluble s4-1BBL and IL-15 was added to the appropriate wells every 3 days. Additionally, fresh media containing 10 ng/ml IL-2 was added to the wells regularly throughout the culture period. The frequencies of NK cells under the different treatment conditions were evaluated on days 1, 8, 15 and 21 by flow cytometry.
Analysis of NK cell degranulation
The stimulated PBMCs were cocultured with K562 cells at a 3 : 1 ratio in a final volume of 200 ml in round-bottomed 96-well tissue culture plates at 37 uC and an atmosphere of 5% CO 2 for 4 h. Fluorochromeconjugated anti-CD107a or isotype control monoclonal antibody (mAb) was added to the wells at the beginning of the assay. After 1 h of coculture, monensin (GolgiStop; BD Biosciences) was added to the wells at a 1 : 100 dilution. Afterward, the cells were stained with directly conjugated mAbs against CD3 and CD56 for 30 min on ice, washed, resuspended in phosphate-buffered saline, and analyzed by flow cytometry. 19 
IFN-c secretion assay
1 NK cells were sorted on a FACSAria instrument at a purity of over 90%. The sorted cells were cultured and stimulated as described above. Forty-eight hours later, the culture supernatants were collected and used to determine the concentrations of IFN-c by ELISA (Jingmei Biotech, Shenzhen, China) according to the manufacturer's instructions. The secretion of IFN-c by the expanded NK cells was evaluated by intracellular cytokine staining (eBioscience).
Proliferation and apoptosis assays
The MTS/PMS assay (Promega, Madison, WI, USA) was used to evaluate the proliferation of NK cells. Briefly, the purified NK cells were cultured in triplicate in 96-well tissue culture plates and stimulated with different concentrations of iMICA and 10 ng/ml IL-2. NK cells cultured alone were used as a control. On days 3 and 5, MTS/PMS was added to each well, and 4 h later, the absorbance of each sample at 490 nm was measured. Apoptosis of the NK cells was also evaluated using an annexin V-and propidium iodide (PI)-based assay (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions.
Expansions of pure NK cells
Purified total NK cells, CD56 dim CD16 bright or CD56 birght CD16 dim cells were cultured with IL-15 and s4-BBL or iMICA, IL-15 and s4-1BBL. On days 1, 4, 7, 10 and 13, the cells were counted by trypan blue exclusion. On days 1 and 13, the cytotoxicity of NK cells against K562, U937 and HL60 leukemia cells was evaluated by measuring the release of lactate dehydrogenase by the target cells using the CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega). In addition, we also examined the expression of NKG2D, NKp46, CD27, CD226, NKG2A, CXCR3 and CCR7 on the expanded NK cells by flow cytometry.
Statistical analysis
The differences between the various treatments were analyzed using the ANOVA test. P values of ,0.05, indicated by asterisks throughout the figures, were considered statistically significant.
RESULTS
iMICA alone weakly activates NK cells
To determine whether iMICA protein alone can activate NK cells, the PBMCs were cultured with plate-bound iMICA overnight. To evaluate NK cell activation, we examined cell-surface expression of the early activation marker CD69, the degranulation marker CD107a and the production of IFN-c. In contrast to ib2m, iMICA increased the expression of CD69 in NK cells; however, this effect was weak because the percentage of CD69
1 NK cells activated with iMICA was lower than when activated with IL-2 ( Figure 1a) . Similarly, iMICA alone weakly stimulated NK cell degranulation, whereas activation with 
CD56
1 cells by flow cytometry were added to the required wells. IL-2 (10 ng/ml) was also added. On days 3 and 5, the MTS/PMS reagent was added to each well. Four hours later, absorbent data at 490 nm were detected. (b) Sorted NK cells were stimulated with iMICA (4 mg) or with ib2m (4 mg). IL-2 (10 ng/ml) was also added. On days 3 and 5, the cultured NK cells were double-labeled with FITC-annexin V and PI to observe their apoptosis by flow cytometry. Results were shown as mean6SD of three replicates. Experiments were repeated three times. *P,0.05. ib2m, immobilized recombinant beta 2 microglobulin; iMICA, immobilized major histocompatibility complex class I chain-related protein A; MICA, major histocompatibility complex class I chain-related protein A; NK, natural killer; PI, propidium iodide. phorbol myristate acetate (PMA)/ionomycin stimulated higher levels of degranulation (Figure 1b and c) . Additionally, IFN-c production in NK cells was only increased when PBMCs were stimulated with 4 mg of iMICA protein (Figure 1d) .
MICA synergizes with IL
It has been shown that soluble MICA decreases the activity of NK cells by inducing the internalization of NKG2D 4 because sustained ligation of NKG2D leads to separation of NKG2D from its adaptor, DAP10, which downregulates the function of NK cells. 20, 21 Thus, it is possible that sustained engagement of NKG2D by iMICA protein might decrease the expression of NKG2D on the surface of NK cells. However, we found that the expression of NKG2D in NK cells activated for 1 week did not decrease when compared with freshly isolated NK cells (Figure 1e ).
iMICA in combination with IL-2 promotes the proliferation of NK cells but has no effect on apoptosis Although iMICA weakly stimulated the activation of freshly isolated NK cells, ligation of NKG2D in NK cells activated with IL-2 and membrane-bound MICA or NKG2D antibody significantly increased the biological function of NK cells. 17 The addition of low concentrations of IL-2 (20 ng/ml) to the culture medium significantly increased the numbers of NK cells stimulated with 4 or 8 mg of iMICA protein for 3 or 5 days (Figure 2a) . Previous reports have shown that soluble HLA class I molecules induce the apoptosis of NK cells through the engagement of CD8 22 or killing immunoglobulin-like receptors (KIR) 23 Because of the similarities between the a3 domains of classical HLA I molecules and MICA proteins, we investigated whether iMICA could promote the apoptosis of NK cells. As observed with ib2m, iMICA had no impact on the apoptosis of NK cells after 3 or 5 days of stimulation (Figure 2b ). shown as mean6SD of three replicate wells from a typical experiment. *P,0.05. IFN, interferon; iMICA, immobilized major histocompatibility complex class I chainrelated protein A; mAb, monoclonal antibody; MICA, major histocompatibility complex class I chain-related protein A; NK, natural killer; PBMC, peripheral blood mononuclear cell; s4-1BBL, soluble 4-1BB ligand.
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stimulated by iMICA alone exhibited a high degranulation capacity. The degranulation ability of NK cells stimulated with IL-15 and s4-1BBL increased when these cells were additionally cultured with iMICA for 24 h (referred to as instant iMICA stimulation) (Figure 3b ). The production of IFN-c by the expanded NK cells was enhanced under all the conditions tested (Figure 3c ). Collectively, these results demonstrate that iMICA synergizes with IL-15 and s4-1BBL to efficiently promote the expansion of functional NK cells.
NK cells sorted to high purity are expanded by stimulation with iMICA, IL-15 and s4-1BBL To confirm the ability of iMICA, IL-15 and s4-1BBL to expand NK cells in vitro, CD3 2 CD56 1 cells were sorted to high purity and expanded by stimulation with iMICA, IL-15 and s4-1BBL or with IL-15 and s4-1BBL. After 13 days of stimulation, the numbers of NK cells increased 32-fold (range: 25-to 42-fold) when cultured with iMICA, whereas cells cultured with IL-15 and s4-1BBL increased 13-fold (range: 10-to 16-fold) (Figure 4a ). In addition, NK cells stimulated with iMICA, IL-15 and s4-1BBL exhibited high cytotoxicity against K562, U937 and HL60 leukemia cells (67.4, 58.6 and 62.3%, respectively), especially at the low effector: target ratio of 2.5 : 1 (Figure 4b-d) .
Peripheral blood NK cells are divided into two subsets: CD56 dim CD16 bright and CD56 bright CD16 dim . CD56 dim CD16 bright cells represent approximately 90% of the peripheral blood cell pool and mainly act against target cells via their cytotoxic activity. In contrast, CD56 bright CD16 dim cells represent 10% of the peripheral blood cell pool and produce IFN-c to regulate both innate and adaptive immune bight (1310 3 cells/well) subsets were cultured with iMICA (4 mg), IL-15 (50 ng/ml) and s4-1BBL (50 ng/ml), or with IL-15 and s4-1BBL. IL-2 (10 ng/ml) were added throughout the culturing period. Cell numbers were directly counted with trypan blue dye staining. Data represented the average6SD for triplicate wells from a typical experiment of three tests. iMICA, immobilized major histocompatibility complex class I chain-related protein A; MICA, major histocompatibility complex class I chain-related protein A; NK, natural killer; PBMC, peripheral blood mononuclear cell; s4-1BBL, soluble 4-1BB ligand.
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function. We sought to determine if and which of these NK cell subsets preferentially expands in our culture system. To this end, the two subsets were sorted to high purity by flow cytometry (Figure 5a ) and independently expanded under different stimulatory conditions. Stimulation with iMICA, IL-15 and s4-1BBL highly expanded both NK cell subsets; however, the CD56 dim CD16 bright cells proliferated more efficiently (24.4-fold for CD56 dim CD16 bright cells versus 14.6-fold for CD56 bright CD16 dim cells; Figure 5b ).
Phenotypic characterization of the expanded NK cells
We evaluated the expression of relevant receptors, including NKG2D, CD226 (DNAM-1), NKp46, CD27, NKG2A, CXCR3 and CCR7, on the expanded NK cells (Figure 6 ). The activating receptors NKG2D, NKp46 and CD27 were upregulated on NK cells after stimulation, but expression of the costimulatory receptor CD226 did not change significantly. The expression of the inhibitory receptor NKG2A significantly decreased in the expanded NK cells. CCR7 is a chemokine receptor involved in the recruitment of lymphocytes to the lymph nodes, 24 and CXCR3 is associated with the accumulation of lymphocytes in tumors. 25 NK cells cultured for long term decreased their expression of CCR7 but increased their expression of CXCR3, indicating that the expanded NK cells have the potential to preferentially migrate to tumor sites. In addition, iMICA in combination with IL-15 and s4-1BBL preferentially stimulated NK cells to express NKp46 and CXCR3.
DISCUSSION
Here, we showed that iMICA protein alone weakly induced the activation, degranulation and production of IFN-c in freshly isolated NK cells but had no effects on apoptosis. We also demonstrated that iMICA in combination with IL-2 stimulates NK cell proliferation and, in combination with IL-15 and 4-1BBL, expands highly cytotoxic NK cells from PBMCs after 21 days of culture. Furthermore, we demonstrated that the numbers of purified NK cells increase 32-fold in response to iMICA, IL-15 and 4-1BBL, with both subsets of peripheral blood NK cells proliferating equivalently. The NK cells expanded using our culture system exhibited increased expression of activating receptors and decreased expression of inhibitory receptors. Altogether, these results suggest that, although iMICA alone has a weak stimulatory effect on NK cells, this protein can synergize with IL-15 and 4-1BBL to promote the efficient expansion and cytolytic function of NK cells ex vivo.
Ligation of the hexameric NKG2D-DAP10 complex by its interaction with MICA or other ligands expressed by target cells leads to NK cell activation. Activated DAP10 binds multiple proteins, including the PI3K regulatory subunit p85, resulting in the phosphorylation of ERK, which is required for the generation of cytotoxicity and Factin polymerization. In addition, NKG2D stimulation leads to PI3K-dependent Akt phosphorylation, which activates various cell survival pathways. 26, 27 Recently, IL-15-induced STAT5 phosphorylation was shown to be aborted in DAP10-Ub transgenic NK cells, 11 demonstrating that IL-15 signaling requires DAP10-associated proteins. The combined use of iMICA, IL-15 and s4-1BBL in this study not only improved the cytotoxicity of NK cells, an effect mainly mediated by NKG2D signaling, but also additively promoted the expansion of NK cells when compared to cells stimulated only with IL-15 and s4-1BBL. This result suggests that NKG2D and IL-15 receptor signaling are closely associated or synergize to activate NK cells; however, the mechanism underlying this partnership is unknown.
It should be noted that iMICA alone weakly activated freshly isolated NK cells, as shown by the low frequency of CD69
1 NK cells and their decreased capacity for degranulation when compared to cells stimulated with 40 ng/ml IL-2 or PMA/ionomycin. The failure of NK cells to expand upon stimulation with iMICA alone for 3 weeks also suggests that iMICA has a weak capacity to promote proliferation (Figure 3a) . After 21 days of culture, IL-15-and s4-1BBL-expanded NK cells did not significantly decrease their capacity for degranulation. However, combined use of iMICA, IL-15 and s4-1BBL in our culture system increased the cytotoxicity of NK cells. These results suggest that iMICA can be optionally added to a culture system if high numbers of NK cells with high cytotoxicity are required.
In our culture system, expanding the NK cells beyond 21 days seemed to be unnecessary because we could obtain a high number of CD3
2 CD56 1 cells with enhanced function after a short culture time (approximately 15 days). In addition, purified NK cells were efficiently expanded to kill leukemia cells at a ratio of 2.5 : 1, which is a method that could be used to treat myeloid leukemia with allogeneic infusion. The infusion of perfectly mismatched donor NK cells Figure 6 Receptor expression patterns of long-term cultured NK cells. Fresh PBMCs were cultured with iMICA (4 mg), IL-15 (50 ng/ml) and s4-1BBL (50 ng/ml), or with IL-15 and s4-1BBL. IL-2 (10 ng/ml) was added throughout the culturing period. Expression levels of different receptors on fresh or 13-day differently expanded NK cells were assessed by multicolor flow cytometry. For each receptor, analysis was made on receptor-positive subsets within the total NK cell population. Asterisks indicated significant differences between fresh and cultured NK cells (P,0.05). Triangles indicated significant differences between iMICA, IL-15, s4-1BBL stimulated-and IL-15, s4-1BBL stimulated-NK cells (P,0.05). Results were shown as average6SD of three replicates from a typical experiment of five tests. iMICA, immobilized major histocompatibility complex class I chain-related protein A; NK, natural killer; PBMC, peripheral blood mononuclear cell; s4-1BBL, soluble 4-1BB ligand.
MICA synergizes with IL-15 and 4-1BBL to expand NK cells WJ Gong et al 483 has been shown to induce a strong graft-versus-leukemia response but a lower graft-versus-host disease response. 14, 15 Furthermore, there are two additional advantages for NK cell-based infusion: the cytolytic subset of NK cells (CD56 dim CD16 bright ) was preferentially expanded in culture, and CXCR3 was more highly expressed in this population of expanded NK cells.
Our results indicate that large numbers of cytotoxic NK cells can be produced by combined stimulation of PBMCs with iMICA, IL-15 and s4-1BBL. Such expanded NK cells can be used in the setting of adoptive immunotherapy against refractory relapses of leukemia and other tumors. However, further studies are required to evaluate the recruitment and killing activity of these in vitro expanded and activated NK cells in vivo.
